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Resonant graphene antennas used as true interfaces between terahertz (THz) space waves and a
source/detector are presented. It is shown that in addition to the high miniaturization related to the
plasmonic nature of the resonance, graphene-based THz antenna favorably compare with typical
metal implementations in terms of return loss and radiation efficiency. Graphene antennas will
contribute to the development of miniature, efficient, and potentially transparent all-graphene THz
transceivers for emerging communication and sensing application. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4768840]
I. INTRODUCTION
The last decade has witnessed growing interest in gra-
phene and its potential applications in various fields,1 includ-
ing active electromagnetic devices.2 However, only few initial
works considered the use of graphene in antennas and other
passive devices.3–6 This is especially true for antenna applica-
tions, where graphene was first considered as a parasitic layer
below a dipole antenna made of gold and radiating at
millimeter-wave frequencies (120 GHz).7 Thus, graphene
itself was not supporting radiation there; in fact, it was placed
in close proximity to the gold dipole to selectively allow or
prevent radiation through graphene electric field biasing,
which could as well be simply achieved in the front-end. Sec-
ond, the scattering of an incident wave impinging on graphene
rectangular patches was studied.8 There it was confirmed that
the graphene patches support surface plasmon resonances in
the terahertz (THz) range, and the resonant frequencies were
successfully correlated with a theoretical plasmon wavelength
for an infinite sheet previously derived in Refs. 9 and 10.
In this letter, we present the first study—to the authors’
knowledge—on graphene used as an actual antenna radiator,
namely, as an electromagnetic interface between free-space
and a receiver/transmitter. Indeed, the majority of graphene-
integrated THz sensor or emitter applications require the cou-
pling of a free-space wave to a THz detector or source (e.g., a
photomixer). In this case, parameters such as the input imped-
ance and the radiation efficiency, which have not been studied
so far, are the most important to evaluate if proper emission/
reception can be achieved. Here, it is shown that well-
designed and excited graphene antennas can be optimized for
high input impedance, as needed for matching to, e.g., THz
photomixers, and that satisfactory efficiency can be obtained
despite the very high operation frequency and plasmon-
induced very small electrical size of the antenna.
Finally, an additional incentive for the development of
graphene THz antennas is the integration of graphene-only
transceivers. Indeed, graphene is an extremely promising
material for ultra-high frequency analog circuits as well,11
and THz is currently attracting tremendous interest in both
sensing and communication12 applications. Such transceivers
could be integrated in transparent and flexible screens.1,11
II. TM SURFACE PLASMON-POLARITON (SPP) MODE
IN GRAPHENE
In this section, the plasmon propagation on graphene is
computed for both infinite and finite-width graphene strips using
a full-wave solver (Ansys HFSS). This allows, respectively, to
(i) rigorously verify that the used solver correctly models the un-
usual and dispersive graphene conductivity, thereby validating
the presented antenna simulations, and (ii) relate antenna param-
eters to the corresponding plasmon wavelength for finite-width
antennas surrounded by arbitrary dielectrics.
Thanks to its ultra-thin electrical thickness, graphene can
be rigorously modeled by a surface conductivity r.8–10 Its value
is determined by Kubo’s formula,10 which expresses the de-
pendence of r on temperature T, scattering rate C ¼ 1=ð2sÞ,
where s is the transport relaxation time, chemical potential
lc and frequency x. Throughout this work, the following pa-
rameters are considered: T¼ 300K, s¼ 1 ps (typical value3,10),
lc up to 0.25 eV. Here Kubo’s formula is approximated consid-
ering only the intraband contribution10
FIG. 1. Comparison between the complete Kubo’s formula and its approxi-
mation 1 with lc ¼ 0 eV (worst case).a)Electronic mail: julien.perruisseau-carrier@epfl.ch.
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rðx; lc;C; TÞ  j
q2ekBT
ph2ðx j2CÞ
 lc
kBT
þ 2 lnðelc=ðkBTÞ þ 1Þ
 
: (1)
A comparison between complete Kubo’s formula and 1 (see
Fig. 1) demonstrates the accuracy of this approximation for
the considered parameters.
It is well-known that the inductive nature of r seen in
Fig. 1 allows an infinite graphene sheet to support TM sur-
face waves, also referred to as SPP, since the conductivity
results from the plasma-like behavior of the electrons.10 In
the case of an infinite layer sandwiched between two dielec-
trics, the dispersion relation of the mode is given by9
r1ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k2  r1k20
p þ r2ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k2  r2k20
p ¼ jr
x0
; (2)
where k ¼ b ja is the guided complex propagation con-
stant, k0 ¼ x=c is the free space wavenumber, b is the
guided wave number, a is the propagation attenuation, and c
is the speed of light in vacuum.
Though any—and potentially multilayer—substrate can
be handled by the full-wave approach used here, in this
work, we consider a transparent glass substrate, which exhib-
its a permittivity r ¼ 3:8 and negligible losses at THz.13
The corresponding simulation of the plasmonic mode sup-
ported by an infinite sheet can be achieved exploiting the na-
ture of the TM mode. Notably, two parallel H-symmetry
boundary planes are placed on the sides of a graphene rectan-
gle to create a finite equivalent model. Waveports are used to
excite the structure, and the propagation constant k of the
mode is retrieved using standard transmission line techni-
ques. Fig. 2 clearly shows the excellent agreement between 2
and the full-wave retrieved results, validating the simulation
of the graphene conductivity.
As a further step towards the antenna design, the SPP
mode has been simulated also on finite width strips for which
no analytical formula is available. Note that the size of the
strips considered here is large enough to neglect non-local
quantum effects.14 The simulation has been performed for
several values of the strip width (Fig. 2). Importantly, nar-
rower strips are characterized by larger b, namely “slowing”
the mode, which is related to the confinement of moving
charges, hence more inductive behavior.
III. THz ANTENNAS BASED ON GRAPHENE
A rectangular WL graphene patch can be regarded as
a finite length L strip with width W. Since the SPP mode can
propagate on finite-width strips, the patch is expected to sup-
port standing wave resonances approximately (due to fring-
ing fields) given by L ¼ nk=2 ¼ np=b, where b is the wave
number of the finite-width strip plasmon previously com-
puted. This work focuses on the first resonance (n¼ 1) for
smallest size and best-behaved input impedances. The length
of the antenna is selected using the resonance condition and
considering a target resonance frequency of 1 THz.
As mentioned in the Introduction, we aim here at
designing actual antennas acting as interfaces between free
space propagation and a lumped source/detector, rather than
simple scatterers. Radiation is achieved placing a THz
continuous-wave (CW) photomixer in the middle of the
patch (see Fig. 3(a)). In transmission (see Figs. 3(b) and
3(c)), the photomixer excites the patch resonance which
FIG. 2. Comparison between k on: infinite sheet (theoretical and simulation),
5 and 10lm strip (simulation).
FIG. 3. (a) Graphene-sheet resonant
plasmon antenna. (b) Electric near field
distribution. (c) Surface current density.
TABLE I. Proposed antennas and corresponding W.P. The last column
shows the electrical length with respect to the free space wavelength.
Antenna lc (eV) L (lm) W (lm) W.P. f (THz) Zin (X) L=k0
1 0.13 17 10 L 1.023 77 0.06
H 1.35 1020 0.08
2 0.25 23 20 L 1.172 33 0.09
H 1.534 425 0.12
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enables radiation (note that a DC bias must be applied
between both graphene half-sections here). Reciprocally, in
reception, the incident power is delivered to the photomixer
that can operate also as a detector.
Different antennas were designed using the strip plas-
mon mode simulation approach shown in Sec. II, assuming
different chemical potentials lc. Table I shows the corre-
sponding antenna dimensions for two representative exam-
ples, hereafter referred to as antennas 1 and 2, respectively.
The input impedance Zin of the antennas is shown in
Fig. 4. Each antenna shows two frequency working points
(W.P.) where Zin is real: the first one (referred to as L) with a
low resistance value, the second one (H) with a high value.
The latter is particularly interesting since THz photomixers
generally show a very high and real output impedance.15,16 It
is noticeable that placing the source in an asymmetric posi-
tion (closer to one extremity than the other) provides an
additional degree of freedom for Zin. However, this leads in
general to lower Zin.
Fig. 5(a) shows that higher lc values lead to larger radi-
ation efficiencies gr. This effect is mainly due to the larger
resonating size of the antenna for higher lc. Avoiding exces-
sively small values for W is also important to maximize gr .
Fig. 5(b) shows the total efficiency gmgr where gm is the im-
pedance matching efficiency. gm is computed using a realis-
tic value of 10 kX for the photomixer impedance. The
observed efficiencies are low compared to antennas operat-
ing at microwave and millimeter wave frequency, but are
actually better as compared with typical THz antennas16—
where gm alone is less than 1% for a 10 kX photomixer—and
despite the miniaturized size of the proposed antennas.
The radiation patterns in Fig. 6 resemble those of con-
ventional (non-plasmonic) short dipoles. This is expected for
such miniaturized antennas, since the current density is con-
centrated in the antenna phase center, leading to a radiation
similar to the hertzian dipole. The THz radiation is mostly
directed in the substrate direction, which is desired in case a
dielectric lens is used to improve directivity.15 It was also
verified that adding such a lens has a negligible impact on
the input impedance.
IV. CONCLUSION
It has been shown that graphene is a promising material
for the realization of miniaturized resonant THz antennas.
Good direct matching can be achieved to THz CW photo-
mixers even with simple geometries. The radiation efficiency
is good given the extremely small electrical size, leading to
performances comparable to or better than metal implemen-
tations. These results are especially interesting in the light of
recent very promising developments in high-frequency ana-
log actives2,11 and sources17–19 based on graphene, paving
the way to the future integration of the whole THz front end
on graphene. Finally, it is worth mentioning that the pre-
sented concept can be extended to enable dynamic reconfigu-
ration via graphene’s field effect.20
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